In this paper, 125 different mycobacterial promoters are analyzed for their DNA curvature distribution using several di-and tri-nucleotide dependent models of DNA curvature. Different models give similar behavior and therefore qualitative validation of the results. Mycobacterial promoters resembling the E. coli s type have almost 81% (85%) 70 sequences having medium and high curvature profiles using dinucleotide-dependent models. Non-E. coli s type 
Introduction
Transcription process in Mycobacteria may differ from E. coli and many other bacteria as mycobacterial genome has high GqC content which affects codon usage and promoter recognition sites in an organism. Mycobacterial promoters like M. tuberculosis 65 kDa w1x, M. bovis BCG 64 kDa w2x, and M. leprae 65 kDa w3x are known to function in E. coli. However, mycobacterial promoters like M. tuberculosis 85A w4x, recA w5x are known to be non-functional in E. coli. Thus, depending on the choice of expression host, myco-*Corresponding author. Tel.: q91-20-589-3095; fax: q91-20-589-3041.
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bacterial promoters are classified as E. coli type and Non-E. coli type promoters. M. smegmatis and M. tuberculosis promoter analysis by Bashyam et al. w6x showed that occurrence of a TG motif near the y10 region is functionally significant for those having a non-functional y35 region. These promoters form a different class of promoters known as 'Extended y10 promoters'. The type of expression host, and the variation of the nucleotide sequence composition at the y35 and y10 regions of mycobacterial promoters w7x indicate that there exists immense variation in transcription initiation mechanism of mycobacterial promoters. Transcription initiation is a multi-step, sequential process involving: (a) binding of RNA polymerase to the promoter leading to formation of a relatively weak closed initiation complex; (b) its isomerization to the more stable open complex that is accompanied by the separation of the DNA strands upstream and around the start site of the transcription; and (c) RNA polymerase escapes from the promoter after cycles of abortive initiation forming the stable elongation complex w8x. Promoter DNA undergoes drastic conformational changes during initiation of transcription. The necessary condition for open complex formation is that RNA polymerase must bind and bend the promoter DNA. This bending and subsequent torquing is responsible for melting the DNA and the formation of open complex w9,10x.
The role of DNA curvature has been studied extensively in E. coli w11-17x. The conformation of DNA is a function of its nucleotide sequence w18,19x. The three-dimensional structure of DNA is the effect caused largely by interactions between neighboring base-pairs w20-29x. Generally, periodic repetitions of curved DNA in phase with the helical pitch cause the DNA to assume a macroscopically curved structure. Several theoretical models for estimating DNA curvature from di-or trinucleotides have been devised, and require various types of experimental data w23,25,28-31x. It is to be noted, however, that these models are being debated for their generality w32x. The importance of DNA conformation in transcription initiation is, however, clear and it would be interesting to study the DNA curvature distribution within the mycobacterial promoters especially in view of the large variation in their transcription mechanism. The objective of this paper is to use six different di-and trinucleotide-dependent models of curvature prediction for analysis of mycobacterial promoters.
System and methods

Data
The data for curvature analysis was taken from compilation of mycobacterial promoters (see Appendix A, the original reference details of each entry can be obtained from authors upon request). This data set contain 125 different mycobacterial promoters, out of which 80 promoters have their transcription start site (TSS) mapped while the other 45 are the putative promoters. In the listed compilation, we have considered the sequence stretches between y50 and q10 bp with respect to the TSS for the promoters whose TSS is mapped. For the putative promoters, we have documented the sequence stretch between the 15-bp upstream region of y35 box and 20 bp downstream of the y10 box. The promoter sequence length varies from 34 to 71 nucleotides based on the availability of the nucleotide sequence upstream of the y35 region and downstream of the y10 region. In a few cases, for the same gene two or more different sequence frames are considered based on the alternate consensus probability. Thus, total 135 mycobacterial promoter sequences are used in this study.
Curvature analysis
For the purpose of analyzing curvature distribution within mycobacterial promoter sequences, we have used the following dinucleotide models based on: (i) experimentally determined wedge angles w25x; (ii) energy minimized values of roll and tilt angles w31,33x; (iii) X-ray crystallography of DNA oligomers w30x; and (iv) CalladineDickerson rules w34,35x. The trinucleotide models used include: (i) the model based on tabulation of preferred sequence locations on nucleosomes w23,28x; and (ii) DNase I cutting frequencies w29x.
CURVATURE w36x:
To obtain curvature map of each mycobacterial promoter, a window size of a 21 bp nucleotide sequence is given as an input to the program and the curvature is obtained as an output. The results of this study are listed in Table 1 for each mycobacterial promoter. Various sub-groups of mycobacterial promoters are analyzed for nature of curvature profile and results are listed in Table 2 . 2. De Santis et al. w33x: The curvature vector C (n,v) representing, in the complex plane (in modulus and phase), the directional change of the double helix axis between sequence number n and nqv is calculated for each mycobacterial promoter sequence in the compilation. For this calculation, roll and tilt angle values (in Table 1 Nature of curvature profile for mycobacterial promoters using dinucleotide models based on (i) experimentally determined wedge angles, and (ii) energy minimized values of roll and tilt angles Very high
•M. chelonae: rrnA P2, rrnA P3, rrnA P4
Curvature maxima lying in the range w0.0-0.2x, w0.2,0.4x, w0.4,0.6x; and w0.6 and abovex DNA curvature units are referred to as a low, medium, high and very high curvature maps, respectively. Curvature maxima lying in the range w0-5x, w5-10x, w10-15x; and w15 and abovex units are referred to as low, medium, high b and very high curvature profiles, respectively. sp denotes spacer length in bp.
c Table 2 Percentage of low, medium and high curvature profiles for various sub-groups of mycobacterial promoters using: (i) experimentally determined wedge angles w36x; and (ii) energy minimized values of roll and tilt angles w33x of cyclically permuted mycobacterial promoters are prepared to see exact position of molecular bend locus. For simplicity of analysis mycobacterial promoter region is divided into the following five sub-regions: (i) region above y35 box;
(ii) y35 region; (iii) spacer region; (iv) y10 region; and (v) region below y10 box. The position of molecular bend locus, for each mycobacterial promoter, with respect to the subregions specified above, is mentioned in Table  3 . 3. Calladine-Dickerson Rule w34,35x: Calladine proposed four rules to understand the sequencedependent departures from classical B-DNA due to simple steric hindrance of nearest neighbor purines on opposite strands. He suggested that 
Putative promoters MT 32 kDa MT ahpC MT 10 kDa ML SOD MT groE ML 28 kDa MT metA MT 38 kDa MI pKGR25 
sp denotes spacer length in bp. helical structure variation at the molecular bend locus is studied here for mycobacterial promoters using Calladine-Dickerson rules. For this analysis, we have taken 11-bp-long sequence stretch obtained by taking five nucleotides on either side of the molecular bend locus of each mycobacterial promoter. For brevity, only S 1 function plots for the promoters whose TSS is mapped are shown in Fig. 1 . 4. Propeller twist w30x: it is known that different types of dinucleotide step have different levels of conformational flexibility, which is very closely related to the Propeller-twist. Propeller twist values are obtained from X-ray crystallography of DNA oligomers. Dinucleotides with a large propeller-twist have a tendency to be more rigid than dinucleotides with low propeller twist. Higher (less negative) values correspond to higher flexibility. Flexibility profile was plotted using the propeller twist values from X-ray crystallography of DNA oligomers for overlapping dinucleotides. 5. DNase I derived bendability parameters w29x:
the productive binding of bovine pancreatic deoxyribonuclease I (DNase I) requires DNA to be bent toward the major groove (positive roll). Base sequences that are flexible or inherently bent towards the major groove should therefore be more accessible to DNase I cleavage. DNase I cutting frequencies on naked DNA can be used as a quantitative measure of anisotropic bendability (major groove compressibility). Bendability profile was calculated using DNase I derived bendability parameters for overlapping trinucleotides of each mycobacterial promoter sequence. 6. Location preference w23x: from experimental investigations of the positioning of DNA in nucleosomes, it has been found that certain trinucleotides have strong preference for having minor grooves facing either towards or away from the nucleosome core. Based on the premise that flexible sequences can occupy any rotational position on nucleosomal DNA, while rigid sequences will be restricted in rotational location. We have calculated DNA flexibility profile using these location preference values for mycobacterial promoters at each position considering overlapping trinucleotides.
Results and discussion
The curvature distribution for various mycobacterial promoters as calculated using different models show similar trends. In order to aid the analysis the results obtained using: (i) experimentally determined wedge angles; and (ii) energy minimized values of roll and tilt angles, have been compared. The extent of curvature obtained using these models has been classified in terms of low, medium or high curvature and the results of the two models corroborate each other for most of the promoters barring a few promoter entries (e.g. M. tubercu- losis T3, T6, T101, T129, T130, recA, rrnA P1, gyrA, cpn60, rrnA PCL1, 16S rRNA, metA, rpsL, etc.) where the prediction of the two models differ.
In order to obtain a better insight for the results obtained by these two models, mycobacterial promoters are sub-divided into various groups. These groups are as follows: (i) Class I, mycobacterial promoters resembling to E. coli s type promot-70 ers; (ii) Class II, mycobacterial promoters which are different from E. coli s type promoters, and promoters have 22% (27%), 56% (54%) and 22% (19%) of low, medium, and high curvature profiles (using both curvature models). This group of mycobacterial promoters has comparatively higher percent of low curvature profiles indicating that Non-E. coli s type mycobacterial promoters 70 might be poorly expressed compared to E. coli s type mycobacterial promoters. The curvature 70 models applied to the extended y10 (Class III) promoters show 17% (4%), 25% (58%) and 58% (38%) of low, medium, and high curvature profiles. The percent distribution of these promoters indicates that very few of these promoters have low curvature profiles. Extended y10 promoters might therefore have reasonably high promoter activity. M. tuberculosis T101, M. smegmatis S6, S16, and S19 promoters are extended y10 promoters, which are strongly curved. For such mycobacterial promoters sequence of the y35 region seems to be less important due to the presence of an extended TG motif in the immediate neighborhood of the y10 box along with the high curvature existing within it. Mycobacterial promoters lacking a consensus sequence at y35 and are curved are M. tuberculosis T150, M. smegmatis S12, S14, S30 and S35. Here, the curvature along with the y10 region might be useful for promoter activity although they do not possess a TG motif in the immediate neighborhood of the y10 box. The mycobacterial promoters having optimum (17"1 bp) spacer length have 9% (11%) of sequences having low curvature profiles by both the models. The majority of sequences from this class has a curved structure. The favorable flexibility andyor curvature of DNA may compensate somewhat for a sub-optimal spacing of 16 or 18 bp between y 35 and y10 regions during transcription initiation. The mycobacterial promoters with high percentage of AT have 12% (15%), 54% (58%) and 35% (27%) of sequences possess low, medium and high curvature profiles, respectively. The occurrence of curvature is obvious for the majority of sequences from this class due to their high percentage of AT content. Among mycobacterial promoters with A T (nqmG3) tract repeated in phase with each n m other and present at the upstream of the y35 box, 58% (50%) of sequences have high curvature trends. These promoters having upstream sequences, which can be expected to produce curvature in the DNA helical axis might be transcriptionally active promoters. M. tuberculosis promoters have 14% (9%), and M. smegmatis promoters have 29% (25%) of high curvature profiles. Such percentage distribution may be one of the causative factors for M. smegmatis to express better than M. tuberculosis. For the analysis performed in Table 2 , it is important to realize that the percentage value of curvature predictions by both models sometimes differ significantly due to different conditions defined for low, medium, and high curvature profiles; and in a few cases predictions by the two models lie on the boundary conditions of low and medium, or medium and high curvature profiles. The sample size considered in this analysis is also small, and can cause large differences in the predictions by these two models. Results listed in Table 2 should only be used to see qualitative and semi-quantitative trends.
According to CURVATURE software, curvature maxima for M. tuberculosis gyrB P1, M. bovis BCG alpha, M. fortuitum rrnA P1, Mycobacteriophage L5 71P1, M. neoaurum rrnA PCL1, and rrnA P3 promoters lies above 0.3 DNA curvature units and it is present between the y35 and y10 regions. It will be interesting to study the transcription initiation mechanism in these promoters because in E. coli it is shown that the curvature between y35 and y10 regions seems to correlate significantly with promoter activity. In such cases the curved structure of promoter DNA enhances the binding of E. coli RNA polymerase to the promoter, when the curve is oriented correctly relative to the potential y10 and y35 regions, and it also facilitates unwinding of the y10 region by thermal motion, as the DNA vibrates back and forth in solution between the twisted and curved forms w11x.
s plots of cyclically permuted mycobacterial 2 promoters should allow an alternative to the experimental permutation assay for determining molecular bend locus of a mycobacterial promoter sequence. The model has been successful in predicting the experimental results for other systems w33,38,39x, while promoters analyzed here have not been subjected to any such experimental investigations and hence, the theoretical predictions could not be tested. In Table 3 , we have evaluated the percent occurrence of position of molecular bend locus in the (i) region above y35 box, (ii) y35 region, (iii) spacer region, (iv) y10 region, and (v) region below the y10 box. For this analysis, we have separated the entire promoter compilation into two groups: (i) promoters whose TSS is mapped (true promoters); and (ii) putative promoters. According to the percentage distribution for true promoters, the molecular bend locus lies predominantly in the spacer region and the region below the y10 box. Sixteen, 16, 30, 6 and 32% of true mycobacterial promoter sequences show that their molecular bend locus lies in the region above the y35 box, y35 region, spacer region, y10 region, and the region below the y 10 box, respectively. For putative promoters, 8, 23, 15, 6 and 48% of sequences show their molecular bend locus in a region above the y35 box, y35 region, spacer region, y10 region, and a region below the y10 box, respectively. Thus, for true as well as putative mycobacterial promoters, the spacer region and region below the y10 box seems to be of frequent occurrence for the location of molecular bend locus. Similar studies by Nair and Kulkarni w40x on E. coli promoter sequences showed that 60% of these promoters have their minima (molecular bend locus) lying in the spacer region. However, for mycobacterial promoters, the position of the molecular bend locus can occur with varying percent distribution at a region above the y35 box, y35 region, spacer region and a region below the y10 box. Thus, mycobacterial promoters show variation in the position of the molecular bend locus compared to E. coli promoters.
The Calladine and Dickerson rule (S -S )
1 4 gives a way of revealing possible structural homology between regions of DNA, when the similarity is not obvious by direct comparison of sequence alone. The helical structure variation at the molecular bend locus for the true mycobacterial promoters is sub-grouped according to the position of molecular bend locus. Thus, Fig. 1 is subdivided into five plots. The helical structure variation obtained using the S function at the molecular 1 bend locus lying in the (i) region above the y35 box, (ii) y35 region, (iii) spacer region, (iv) y 10 box, and (v) region below the y10 box shows that each sub-group has structural similarity within that particular sub-group. The other sum functions also uphold the structural similarities (results not shown). The analysis of the sequence at the minima reveals that there exists homology among these sequences irrespective of the exact position of minima. The regions that are localized for mycobacterial promoters show significant commonality in structure, which is evident from the S function plot. There seems to exist some 1 structural commonalties among the each sub-group of mycobacterial promoters. We can therefore group the promoters based on the common structural features and advocate the notion of 'consensus structure' suggesting their common biological significance. The variation from these consensus structures can account for varying strength of the promoters. Such an analysis might help us in designing experiments to define the exact location and function of a promoter. Although the entire mycobacterial promoter compilation has been analyzed using other curvature models w23,29,30x, the results obtained using only three models are presented.
Mycobacterial promoters that are strongly curved are M. tuberculosis T150, and gyrB P1; M. Leprae 65KD; M. smegmatis S6, S12, S14, S30, S35, and rrnB; M. Phlei rrnA P2; M. abscessus rrnA P4, rrnA P2, and rrnA P3; M. chelonae rrnA P2, rrnA P3, and rrnA P4. Fig. 2 shows the curvature map expressed in DNA curvature units of these promoters using CURVATURE software. The curvature maxima of these curvature maps correspond to region having more curved structure. Fig. 3a ,b presents the curvature analysis using energy-minimized values of roll and tilt angles.
The curvature vector is a complex function of the sequence with the modulus representing the deviation and the phase indicating the relative direc- tion. The curvature diagrams for these mycobacterial promoters clearly show a DNA tract characterized by both a high curvature modulus (see Fig. 3a ) and a constant phase (Fig. 3b) . Fig.   4 shows flexibility profiles based on propeller twist values from X-ray crystallography of DNA oligomers. Dinucleotides with a large propellertwist have a tendency to be more rigid than more flexible region of the mycobacterial promoter, which have less preference for being positioned specifically. Fig. 6 shows a bendability profile in mycobacterial promoters calculated using DNase I derived bendability parameters. A sequence position corresponding to higher bendability parame- ters represent higher propensity for major groove compressibility of the mycobacterial promoter. Essentially, all the models predict similar behavior for these promoters. Thus, a nucleotide sequence position corresponding to high (low) curvature shows a high (low) curvature trend with all the other models. Mycobacterial promoters of M. abscessus rrnA P4, rrnA P2, and rrnA P3; M. chelonae rrnA P2, rrnA P3, and rrnA P4 have similar curvature trends as their nucleotide sequence shows maximum homology with each other. The similar curvature trends suggest a common mechanism for transcription initiation.
Regions with high DNA curvature would be expected to exhibit anomalous mobility by the gel electrophoresis assay. It will be of interest to examine fragments containing these regions for the structural feature of DNA curvature, and the corresponding functional feature of transcriptional activation. Plasmids containing stiff, flexible or curved DNA structure near the cleavage site of commonly used restriction enzymes can be helpful for studying the role of DNA structure in transcription mechanism of mycobacterial promoters.
Thus, analysis of DNA curvature distribution for mycobacterial promoters reveals the following important features. Experimental studies based on curvature distribution and its role in transcription mechanism for particular mycobacterial promoter(s) or representative examples from various groups of mycobacterial promoters showing some distinct features, will throw light on our understanding of transcription mechanism of Mycobacteria. 
